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The present direction as set forth in claim 1 is directed to a photocatalytic powder 
comprising titanium dioxide fine particles comprising an anionically active substance, wherein 
the fine particles have an electrokinetic potential of from about -100 mV to -10 mV in an 
aqueous environment at pH 5, and wherein the titanium dioxide fine particles are obtained by a 
vapor phase reaction or a wet-hydrolyzing. 

The present direction as set forth in claim 2 is directed to a photocatalytic powder 
comprising titanium dioxide fine particles comprising an anionically active substance, wherein 
the fine particles have an electrokinetic potential of from about -100 mV to -10 mV in an 
aqueous environment at pH 5, and wherein the crystal form of the titanium dioxide fine particles 
is anatase and/or brookite. 

In the present invention, the titanium dioxide fine particles can be in any of the following 
states: the titanium dioxide fine particles contain an anionically active substance which is 
present in the vicinity of the surface of the fine particles, or an anionically active substance is 
adsorbed to the surface of a titanium dioxide fine particle, or an anionically active substance is 
present in the vicinity of the surface of titanium dioxide. See page 6, lines 13-17 of the present 
specification. This is why the fine particles of the present invention have an electrokinetic 
potential of from about -lOOmV to -lOmV in an aqueous environment at a pH of 5. 

Accordingly, the present invention provides a photocatalytic powder and a photocatalytic 
slurry, which can exhibit not only excellent photocatalytic activity and durability, but also 
dispersion stability when coated on the surface of fiber, paper or plastic material, kneaded into 
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such a material, or used for a coating composition. See page 3, lines 25-29 of the present 
specification. 

On the other hand, Taoda et al '736 is directed to a photocatalytic powder comprised of 
finely divided titanium dioxide particles having a coating of porous calcium phosphate formed 
on at least part of the surface of each finely divided titanium dioxide particle, wherein an anionic 
surface active agent is present at least on the interface between the porous calcium phosphate 
coating and the finely divided titanium dioxide particle. 

Taoda et al '736 is silent on the dispersion stability when the powder is coated on the 
surface of fiber, paper or plastic material, kneaded into such a material, or used for a coating 
composition. Taoda et al '736 only disclose that when the powder is supported on an organic 
polymer medium, the durability of the organic polymer medium is improved. See column 3, 
lines 4-11 of Taoda et al '736. 

In Taoda et al '736, most of the anionic surface active agent must be present on the 
interface between the calcium phosphate and the finely divided titanium dioxide particle, 
because the anionic surface active agent improves the adhesive force of the porous calcium 
phosphate coating to the titanium dioxide particle. See column 4, lines 43-53 of Taoda et al 
'736. 

Accordingly, Taoda et al'736 do not indicate a control of the electrokinetic potential on 
the fine particles. As a result, the dispersion stability can not be resolved. 
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From the above facts, it can be understood that the surface of the calcium phosphate 
coated fine particles in Taoda et al '736 is different from the surface of the fine particles of the 
present invention, because in the present invention most of the anionic active substance is 
present on the surface of the particles, whereas in Taoda et al '736 most of the anionic active 
substance must be present on the interface that exists between the calcium phosphate coating and 
the finely divided titanium dioxide particles, because the anionic surface active agent improves 
the adhesive force of the porous calcium phosphate coating to the titanium dioxide particle. See 
column 4, lines 43 to 53. 

That is to say, the surface of the fine particle in Taoda et al '736 is comprised of calcium 
phosphate and titanium dioxide, and as a result the electrokinetic potential of the powder in 
Taoda et al '736 is outside of the claimed range in the present invention. 

The Examiner acknowledges in the present Office Action that applicants have argued that 
the photocatalytic powder disclosed in Taoda et al is different from that of the present claims 
because the powder in Taoda et al contains a coating of porous calcium phosphate formed on at 
least part of the surface of each of the finely divided titanium oxide particles. The Examiner 
states that this argument is not persuasive because the "porous calcium phosphate" of Taoda et al 
is not excluded from the scope of the present claims since the present claims contain the open- 
ended phrase "comprising". The Examiner refers to claim 1, line 2. 

In response, applicants point out that the porous calcium phosphate of Taoda et al affects 
the electrokinetic potential of the powders, and would cause the powders of Taoda et al to not 
have the electrokinetic potential recited in the present claims. The present claims implicitly 
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exclude components, structures and amounts which would cause the powders to not have the 
recited electrokinetic potential. 

In support of applicants 5 position that the calcium phosphate in Taoda et al, which as 
disclosed at column 5, lines 33 to 37 is preferably hydroxyapatite, would cause the powders of 
Taoda et al to not have the electrokinetic potential recited in the present claims, applicants 
enclose herewith a copy of an article by Vasudevan et al, "Interaction of Pyrophosphates with 
Calcium Phosphates", Langmuir, Vol. 10, No. 1 (1994), pages 300 to 325. Figure 2 at page 321 
shows that the electrokinetic potential of HAP (hydroxyapatite) at a pH of 5 is zero, which is 
outside the range of the present claims. Since the powders of Taoda et al contain calcium 
phosphate as a coating, applicants submit that one of ordinary skill in the art would expect that 
the powders of Taoda et al would not have the electrokinetic potential recited in the present 
claims. 

Further, to the extent that the powders of Taoda et al contain titanium dioxide on their 
surface, this would not change the conclusion that one of ordinary skill in the art would expect 
that the powders of Taoda et al would not have the electrokinetic potential recited in the present 
claims. Applicants refer the Examiner to the following four documents in support of their 
position (copies of the first three documents are enclosed herewith): 

(1) "Zeta Potential and Surface Charge Components at Anatase/Electrolyte 
Interface", Journal of Colloid and Interface Science, Vol. 1 10, No. 1, (1986), pages 278 to 281, 
which shows at page 279, Fig. 1, that the electrokinetic potential of titanium dioxide in an 
aqueous environment at pH 5 is more than zero. 
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(2) S. Lee et al, Journal of Membrane Science, Vol. 201 (2002), page 193, which 
discloses that the point of zero charge of titania (Ti0 2 ) has a pH of 6.25. 

(3) A University of Alabama publication which contains a Figure that shows a point 
of zero charge at a pH of 6 (see Curve A of the Figure) for titania (titanium dioxide); 

(4) U.S. Patent 4,241,042 to Matijevic et al, was cited in the Information Disclosure 
Statement of December 2, 2003, and which discloses at column 7, lines 35 to 37, that the 
"particles of this invention [titanium dioxide] normally possess an electrokinetic point of zero 
charge at a pH in the range of from 4.0 to 5.5". 

Applicants submit that from these disclosures, one of ordinary skill in the art would 
conclude that the electrokinetic potential of titanium dioxide in an aqueous environment at a pH 
of 5 is zero or higher, and not within the scope of the present claims. 

From the above facts, applicants submit that one of ordinary skill in the art would 
conclude that the electrokinetic potential of the powders in Taoda et al is zero or more than zero, 
and does not satisfy the recitation of the present claims that the fine particles have electrokinetic 
potential from about -lOOmV to -lOmV in an aqueous environment at pH 5. 

Further, with respect to applicants' argument that Taoda et al do not indicate a control of 
the electrokinetic potential on the fine particles, the Examiner states that this argument is not 
persuasive because the Taoda et al particles are the same as those of the present claims and, 
therefore, would be expected to have the same characteristics, such as the claimed electrokinetic 
potential properties. The Examiner states that even though Taoda et al is silent with respect to 
the photocatalytic powder properties, Taoda et al inherently satisfy this recitation. 
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In response, as can be seen from the above discussion, applicants submit that the powders 
of Taoda et al are not the same as those of the present claims because the present claims 
implicity exclude components, structures and amounts would cause the powders to not have the 
recited electrokinetic potential, and that one of ordinary skill in the art would understand that the 
electrokinetic potential of the powders in Taoda et al would not satisfy the recitation of the 
present claims that the fine particles have and electrokinetic potential from about -lOOmV to - 
lOmV in an aqueous environment at pH 5, especially since the powders of Taoda et al have 
calcium phosphate on their surface which affects the electrokinetic potential of the particles. 
Accordingly, the powders of Taoda et al would not inherently have the electrokinetic potential 
recited in the present claims. 

In view of the above, applicants submit that Taoda et al '736 do not defeat the 
patentability of claims 1 to 19 and, accordingly, request withdrawal of this rejection. 

Claim 19 has been rejected under 35 U.S.C. § 103(a) as obvious over Taoda et al '736 in 
view of Suzuki et al. 

The Examiner states that Taoda et al '736 disclose a photocatalytic powder as described 
above except for the presence of activated carbon and/or zeolite. The Examiner relies on the 
Suzuki et al patent to supply the teachings of the use of activated carbon with titanium dioxide 
fine particles. 

Claim 19 is a dependent claim that depends ultimately from claim 1 or 2. Accordingly, 
applicants submit that claim 19 is patentable for the reasons discussed above in connection with 
the rejection of claims 1 and/or 2. 
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In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 

The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 19-4880. Please also credit any 
overpayments to said Deposit Account. 



Respectfully submitted, 




SUGHRUE MION, PLLC 
Telephone: (202) 293-7060 
Facsimile: (202) 293-7860 



Sheldon I. Landsman 
Registration No. 25,430 



WASHINGTON OFFICE 



23373 



CUSTOMER NUMBER 
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Interactions of pyrophosphate (PP) with hydroxyapatite (HAP), brushite, and calcium pyrophosphate 
(CaPP) have been studied using electrokinetic and ESCA measurements. PP adsorbs on HAP and brushite 
even when their surfaces are highly negatively charged. Importantly, the HAP zeta potential curves as 
a function of PP concentration show a precipitous drop in the low concentration range. Also, curves at 
different pH values show a progressive shift in the potential toward that of CaPP. These observations 
suggest the formation of CaPP on HAP surface and this has been further confirmed by ESCA studies. 
Thus, adsorption on HAP appears to involve a surface precipitation or chemisorption followed by surface 
precipitation or surface reaction phenomenon. It is also suggested that in the case of brushite the dissolved 
calcium from the mineral competes for the PP and in turn reduces its adsorption. 



Introduction 

Regulation of calcium phosphate crystal growth is 
important in a wide variety of applications such as in the 
prevention of scale formation in industrial heat exchangers, 
in the removal of phosphates from polluted water, and, 
most importantly, in the biological mineralization of teeth 
and bones. 1 " 5 Pyrophosphates (PP) are known to inhibit 
formation and growth of calcium phosphate precipitates. 
Reported studies*" 10 show that the inhibitory activity of 
PP is due to its ability to adsorb on the growing nuclei and 
in turn block the crystal growth sites. In this regard, the 
adsorption of PP on hydroxyapatite (HAP) has been 
conducted and correlated with the crystal growth inhibition 
behavior in the past; 6-10 however, the mechanism of 
adsorption itself has not been fully established. Also, 
interaction of PP with brushite and other forms of calcium 
phosphate which exist as precursors to HAP during the 
formation of dental tartar 11 have not been examined. 
Significantly, while PP is an excellent inhibitor of HAP 
formation, it is only a moderate inhibitor of brushite crystal 
growth, 12 

In the present investigation, the interaction of PP with 
HAP and brushite has been studied using electrokinetic 

f Present address: Unilever Research. 

* Present address: Calgon Corp. 

• Abstract published in Advance ACS Abstracts, December 15, 
1993. 
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andX-rayphotoelectronspectroscopic (ESCA) techniques. 
These techniques measure the changes in the interfacial 
properties, namely of charge and surface chemical com- 
position of the substrate and, therefore, can provide insight 
into the mechanism of adsorption of PP on HAP and 
brushite. 

Experimental Section 

Materials. Calcium Phosphates. HAP and brushite powders 
were obtained from Albright and Wilson. The surface areas of 
these samples have been reported to be 26 and 3 m*/g, respectively, 
as measured by the BET nitrogen adsorption technique. Calcium 
pyrophosphate (CaPP) was purchased from Alia Products and 
used without further purification. 

Pyrophosphate. Reagent grade tetrapotassium pyrophosphate 
(TKPP) was purchased from Sigma Chemical Co. 

Other Reagents. Sodium hydroxide and hydrochloric add, 
used as pH modifiers, and sodium chloride, used for adjusting 
the ionic strength, were supplied by Fisher Scientific Co. Triply 
distilled water was used for preparing the solutions and the 
suspensions. 

Methods* Zeta Potential Measurements. Samples of solids 
(0.05 g) were added to 60 mL of 2 x l(H fanol/m* NaCI solution, 
of ^readjusted pH, in a 150-mL beaker. The suspension was 
stirred for 2 h using a magnetic bar and the pH was measured 
at the end. Following this, 50 mL of 2 X 10-* &mol/m 3 NaCI 
solution contairiing the desired concentration ofTKPP was added 
tothesuspension. Prior to addition, the pH of the TKPP solution 
was adjusted to that of the suspension. The solids were 
conditioned for 1 h with TKPP. At the end of the conditioning 
period, the pH of the suspension was measured and about 50 mL 
of the suspension was transferred to the cell of the seta meter 
(ZetaMeter,ZetaMeterInc.). The mobilities of 10 to 15 particles 
were measured and zeta potential was calculated. A chart 
provided with the seta meter manual was used for the conversion 
of mobility readings to zeta potential values. 

Calcium Binding Isotherms. One-rnillfliter samples of 10 wt 
% TKPP solution were added to 99 mL of solutions of varying 
calcium chloride concentration. The pH of the resulting sus- 
pension was adjusted to the flashed value (pH 7.6 or pH 11.0) 
and the calcium activity measured using a pH meter equipped 
with an Orion Model 93-20 calcium selective electrode. 

XPS Analysis. X-ray pbotoelectron spectroscopic analysis of 
the HAP, brushite, and CaPP samples was carried out at Physical 
Electronics Laboratories, Edison, NJ, using a Per kin- Elmer 
Model 5000LS ESCA spectrophotometer. Samples for XPS 
analysis were prepared by treatment of HAP and brushite 
powders with 200, 500, and 1000 ppm of TKPP in aqueous 
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Figure 1. Zeta potential of HAP treated with pyrophosphate, 
effect of pH. 

solution, followed by centrifugation and drying to yield fine 
powdered solids. 

Results and Discussion 

Interaction of Pyrophosphate with HAP. Zeta 
Potential The zeta potential behavior of HAP was 
determined as a function of PP concentration at two 
different pH values and the results are shown in Figure 
1. For comparison, the zeta potential of CaPP is also 
plotted in the same figure. In the absence of PP, HAP 
under both the tested pH conditions exhibits a negative 
charge. Interestingly, the potential at low levels of PP 
exhibits a precipitous drop to values close to that of CaPP. 
Beyond tins concentration, the dependence of HAP 
potential on PP concentration becomes similar to that of 
CaPP. Note that the behavior is essentially the same at 
both pH values (7 and 11). The sharp reduction in the 
potential of HAP at low levels of PP , even under conditions 
when the HAP surface is highly negatively charged as at 
pH 11, clearly shows the strong affinity of PP for the 
surface. This behavior is indicative of an adsorption 
process involving a phase change, possibly the formation 
of CaPP on HAP surface. The observation that the 
potential of CaPP itself depends on PP concentration in 
solution is not surprising since the latter is a potential 
determining ion for the surface. 

Note that beyond the precipitous drop in zeta potential 
of HAP in PP solutions, values of the potential are not 
identical to those of CaPP but vary similarly to that of 
CaPP. Even if PP forms a CaPP layer on HAP surface, 
differences betweenthe potentials of CaPP and PP-treated 
HAP are not unreasonable. For example, PP, being a 
potential determining ion for CaPP, can lower the CaPP 
potential. Therefore, identical values of zeta potential of 
CaPP and PP-treated HAP can be expected if and only 
if the residual levels of all ionic species are the same in 
both the systems. Inhomogeneties in the newly formed 
CaPP layer on HAP can also cause differences between 
the potentials of OaPP and PP-treated HAP. 

The pH dependence of the aeta potential of HAP treated 
with solutions containing different levels of PP is shown 
hi Figure 2: Again for comparison, the zeta potential of 
CaPP is included. It is evident from the zeta potential 
curves that the surface of HAP is becoming more negative 
with increase mPP concentration. Also, thecurves appear 
to progressively shift toward that of CaPP. While this in 
itself cannot be taken as evidence of CaPP formation, this 
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Figure 2. Effect of PP treatment on zeta potential of hydroxy- 
apatite. 

in combination with the data in Figure 1 suggests the 
formation of CaPP on HAP surface. 

Formation of CaPP on HAP can occur by either a surface 
precipitation phenomenon or a surface reaction process. 
Surface reaction involves chemical interaction between 
the adsorbate species and the adsorbent, in this case 
pyrophosphate and the HAP surface. The reaction begins 
at the interface and proceeds inward. Surface precipi- 
tation, oh the other hand, is the nucleation and growth of 
a stoichiometric precipitate of the adsorbate species by a 
complexing ion at the interface. In the present case, it 
will be the precipitation of CaPP on HAP surface. Note 
that often prior to surface precipitation, chemisorption of 
the adsorbate species can occur at the interface. Chemi- 
sorption can be distinguished from surface precipitation 
in the following manner. Chemisorption usually refers to 
adsorption resulting from the formation of a high-energy 
bond, such as a covalent bond, between the adsorbate 
species and site/sites on the solid surface and this will not 
result in the formation of a stoichiometric compound. Note 
that chemisorption can occur even if electrostatic factors 
are unfavorable for adsorption. 

Adsorption has been shown to involve surface reaction 
or surface precipitation in a number of other mineral/ 
inorganic systems in the past 19(14 For example, formation 
of calcium carbonate and calcium fhiorite on a HAP surface 
in the presence of dissolved carbonate 13 and fluoride, 
respectively, 14 and formation of calcium phosphate on 
calcite in the presence of phosphate 18 have been shown to 
involve a surface reaction or surface precipitation phe- 
nomenon. 

The results from the current study suggest that in the 
presence of PP formation of CaPP can occur on the HAP 
surface. In order to test whether this observation is 
consistent with the expected thermodynamic behavior of 
the system, the following analysis was conducted. Es- 
sentially the feasibility of the reaction: 

6H+ + Ca^PO^OH^s) + 5PA*" - GCaJP + 

6HPO/- + 20H" (1) 

was examined using the literature values of free energy of 
formation of various species. The standard free energy 

(18) Samasandaatan, P.; Amanko&ah, J. O.; Anairthapedpumabfaan, K. 
P. Colloids Surf. 1985, 15, 309-333. 

(14) Chendar, S.; Fuenrtenau, D. W. Colloids Surf* 1985, i* f 187-144. 
Lin, J.; Raghflvan, S.; Fuerstenau, D. W. Colloids Surf. 1B81, 3, 367-370. 
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Table I. Free Energy of Formation for Reaction of HAP 
andPP 



Vasudevan et al. 



species 



free energy of formation 
from elements, G° tt kcatymol 



ref 



H+ 

Caio(PO<) € (OH) 2 (8) 

HP0 4 ^ 

P 2 0 7 <- 

OH- 

Ca* 

CaPP(s) 



0 

-3030 
-260.3 
-458.7 
-37.6 
-132,3 
-748.6 
-743.6 
-741.95 



15 
15 
15 
15 
15 
15 
16 
17 



Table 2, Calculation of PP Levels Required To Form CaPP 



free energy of formation 
of CazPaO?, kcal/mol 



kcal/mol 



log 



mol/L 



K4P 2 0y, 
ppm 



-748.6 
-743.6 
-741.95 



-56.7 41.7 3.2 X 10~ 10 0.0002 
-31.6 23.2 1.6 XHH* 1.1 
-23.43 17.23 2.5 X 10* 16.5 



change accompanying the reaction can be estimated from 
the free energies of formation of the reactants and products. 
The standard free energy change (AG°) can be related to 
the equilibrium constant for the reaction, K , as 

K = [HPOfftOm 2 /[l?} 9 [F z O*-? (2) 

Thus, if HAP is in equilibrium with the solution at a given 
pH (i.e. H+ OH- t and HPO4 3 - are fixed), then the minimum 
amount of P2O7 4 - required to force the above reaction to 
the right can be estimated. 

The values of free energy of formation of various species 
and the source of the data are given in Table 1. As can 
be seen from the information in Table 1, there appears to 
be some uncertainty with regard to the value of free energy 
of formation of CaPP. The first value (-748.6 kcal/mol) 
was obtained from ref 15. The latter two values were 
obtained from unpublished work at Unilever Research. I6 - 17 
The values -743.6 and -741.95 kcal/mol correspond to 
CaPP solubility product values of 1.2 X 1<H 5 and 1.9 X 
MH 4 , respectively. Since it was difficult to assess the 
accuracy of these estimates, each value was used to 
determine the corresponding three free energy and equi- 
librium constants for the above reaction. The results of 
this analysis are given in Table 2. The last two columns 
in the table show the concentrations of PP and TKPP for 
the present system at a pH of 6.9. 

Note that because of pH- dependent hydrolysis reactions , 
only about 50% of the total PP will be P2O7 4 - at pH 6.9. 
This has been accounted for in the calculation of the 
concentration of TKPP in equilibrium with both of Hie 
solid phases. It is clear from Table 2 that from the three 
possible estimates of PP levels, the worst case situation, 
i.e. f the highest concentration of TKPP needed to cause 
the formation of CaPP on HAP, is just above 16.5 ppm. 
This simple analysis indicates that the formation of CaPP 
on HAP in the presence of soluble PP at relatively low 
levels is consistent with the expected behavior, i.e., PP 
can replace orthophosphate on the mineral surface. 

X-ray Photoelectron Spectroscopic Analysis (XPS/ 
E8CA). luordertofurtherocmfimtneformatio 
on the HAP surface in the presence of dissolved PP, an 
BSCA study was conducted. The XPS spectra of HAP, 
CaPP, and PP-treated HAP are shown in Figure 3. Figure 

(15) Lange's Handbook of Chemistry, Dean, J. A, Ed.; Formerly 
compiled by Lange, N. A.; McGraw-Hill: New York, 1985. 

(16) Welch, G. J.; Woosey, 8- Unpublished results, Unilever Research, 
Port Sunlight, 1975. 

a7)ClarMD.R;Lee.R.S.;Lunt>T.J.Un^ 
Research, Port Sunlight, 1974. 
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Figure 3. XPS analysis of hydroxyapatite treated with pyro- 
phosphate. 

3 is divided into parts a, b, and c which represent the 
binding energies corresponding to P2p (132-134eV), Ca2p 
(347-348 eV), and Ols (531-532 eV), respectively. The 
XPS spectra for each element shows the spectra of 
untreated HAP, CaPP, and PP-treated HAP at PP 
concentrations of 200, 500, and 1000 ppm. For each 
element, the PP-treated HAP samples are between those 
of HAP and CaPP. The binding energy moves closer to 
CaPP as the concentration of TKPP increases. This 
indicates that the HAP surface, upon PP treatment, is 
becoming progressively similar to that of CaPP. Results 
of the XPS analysis thus support the inference, deduced 
from electrokinetic studies and thermodynamic analysis 
of CaPP formation at the HAP surface. 

Interaction of Pyrophosphate with BraaMte. As 
in the case of HAP, the interaction of PP with brushite 



The zeta potentials of brushite as a function of PP 
concentration are given in Figure 4. Here again, brushite 
is negatively charged under the test conditions and it shows 
a sharp reduction in potential after exposure to low levels 
of PP. Interestingly, the absolute values of the potential 
are lower than those observed for HAP. Also, beyond this 
initial drop there appears to be less dependence on PP 
concentration, in contrast to the behavior of the HAP/PP 
system described above. Thus, while zeta potential 
suggests some significant adsorption of PP on brushite, 
whether it involves surface conversion to a CaPP-type 
surface is not clear. 

ESC A studies of brushite samples treated with PP were 
also conducted. Unlike the case of HAP, brushite and 
CaPP have very similar spectra and therefore it is not 
possible to use this technique to distinguish between the 
two phases. 

One of the differences between HAP and brushite is 
their water solubility* with HAP having a relatively low 
solubility compared to brushite. For example, at a pH of 
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Figure 4. Zeta. potential of brushite treated with pyrophosphate, 
effect of pH. 

6.9, the concentration of calcium ions in equilibrium with 
HAP is about 2 ppm and that with brushite is about 28 
ppm, When a reagent such as PP is introduced into a 
suspension of HAP or brushite, there exists a competition 
between complexation of bulk calcium vb adsorption. 
Because of the higher solution levels of calcium in the 
brushite suspensions, it is reasonable to expect that there 
will be more bulk complexation than in the case of HAP. 
This is supported by the observation that addition of 10 
ppm of PP into supernatant solutions of HAP and brushite 
resulted in precipitation in the case of the latter and not 
in the case of the former. Thus, at a particular level of 
PP, there will be more PP available for surface adsorption/ 
conversion on the HAP surface than on brushite. This 



potential of HAP and brushite onPP concentration. This 
solubility difference appears to provide favorable condi- 
tions for bulk precipitation of CaPP in the brushite-PP 
system. In contrast to this, because of low calcium levels 
in solution, the interactions with HAP may be more like 
surface conversion or surface precipitation and this is in 
line with the ESCA results. 

Comparison of Affinities of PP to HAP, Brushite, 
and CaPP. Zeta potential results presented in Figures 1 
and 4 showed that addition of PP renders the surface of 
HAP and brushite negative. Therefore, variation of the 
charge density at the solid/liquid interface can be used as 
a measure of adsorption. Zeta potential values can be 
used as a measure of charge density at the solid/liquid 
interface and can be used for comparison provided the 
ionic strength of the medium is maintained constant since 
only the zeta potential, and not the charge density, depends 
ontheioriicstrength. As shown in Figures 5 and 6, addition 
of TKPP resulted in a significant increase of ionic strength, 
measured in terms of specific conductance. Therefore, 
the zeta potential results shown in Figures 1 and 2 were 
corrected for ionic strength variation using the procedure 
described by Hunter. 18 

Figures 7 and 8 show the zeta potential curves of TKPP- 
treated HAP and brushite corrected for a base ionic 
strength of 2 X HH kmol/m 3 NaCL Zeta potential curves 
obtained for the CaPP-TKPP system are presented in 
Figure 7 for the purpose of comparison. These corrected 
potentials can now be used to examine the dependence of 
zeta potential on pyrophosphate concentration. The 
approach involved the use of curve fitting software (Table 
Curve, Jandel Scientific! CA) to fit the experimental data 

(18) Hunter, R J. Zeta Potential in Colloid Science: Principles and 
Applications; Academic Press: New York, 1981; Chapter 2, pp 11-58. 
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Figare 5. Specific conductance of HAP slurry in pyrophosphate 
solutions. 
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Figure 6. Specific conductance of brushite slurry in PP solutions. 




Potassium Pyrophosphate, mM 

Figure 7, Zeta potential vs pyrophosphate concentration, zeta 
values corrected for ionic strength in PP solutions. 

to different forms of empirical equations. The equation 
that showed best fit (highest correlation coefficient) of 
the experimental data was obtained and is shown in Table 
3. This empirical equation shows that the negative zeta 
potential of all three surfaces increases as a function of 
the square root of the PP concentration. In the equations 
shown in Table 3, the constant A represents the zeta 
potential of the untreated calcium phosphate, while B can 
be taken as a measure of the affinity of TKPP to the 
calcium phosphate surface. Examination of Table 3 shows 
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Figure 8, Zeta potential vs pyrophosphate concentration, zeta 
values corrected for ionic strength in PP solutions. 
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Figure 9. Zetapoten^ofHAPvs pyrophosphate concentration. 

Table 3. Relationship Between Zeta Potential and 
Pyrophosphate Concentration: Empirical Models 

Equation; f-**A+B [PP1 

pH A B ^gyg corr coeff 

hyditwyapatite 6.90 -20.5 -81.4 -13.5 0.88 

10.95 -36.0 -36.0 -30.5 0.89 

brushite IS -20.6 -24.8 -18.3 0.94 

10.8 -31.9 -19.0 -21.0 0.62 

calcium pyrophosphate 7.0 -41.0 -24.9 -41.4 0.98 

11.0 -67.4 -33.5 -52.3 0.99 

that in all cases, except for the brushite-TKPP system at 
pH 1 1, the equation that best fitted the experimental data 
was of the same type in which the zeta potential showed 
a square root dependence on TKPP concentration. The 
quality of fit can be seen from Figures 9, 10, and 11 to be 
good for HAP and CaPP. Also, it can be seen from the 
"B" value that lie affinity of TKPP is highest for HAP 
followed by CaPP and brushite. Further, the affinity of 
TKPP to the calcium phosphate surface is greater at higher 
pH. This is possibly due to differences in reactivity of 
P2O7 4 - present at high pH values vs HP2O7*" and other 
forms at lower pH. 

' Dissolved Calcium in the Supernatant of Calcium 
Phosphate Suspensions. Review of past results 10 and 
the results obtained in the present study suggest that the 
adsorption of PP on calcium phosphates involves chemical 
interactions and ultimately results from the formation of 
CaPP on HAP surface. Because of dissolution, the 
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Figure 10, Zeta potential of CaPP vs pyrophosphate concen- 
tration. 
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Figure 11, Zeta potential of brushite vs pyrophosphate con- 
centration. 

Table 4. Solubility of Calcium Phosphates 



pH Ca 8 *, ppm 



hydroxyapatite 7.50 0;93 

10.74 <0.10 

brushite 7.50 24,00 

10.85 1.50 

calcium pyrophosphate 7.55 0.82 

10.80 <0.10 



supernatant of calcium phosphate suspensions would 
contain calcium ions which would compete with the surface 
for PP molecules. The affinity of PP to calcium phosphate 
surface would thus depend on both the concentration of 
dissolved calcium and its relative affinity to the surface. 

Table 4 shows the dissolved calcium concentration in 
the supernatants of HAP, brushite, and CaPP at pH values 
of 7.5 and 11. It can be seen that the dissolved calcium 
concentration is much higher at the lower pH for all three 
minerals. The dissolved calcium is much higher in brushite 
supernatant Presence of larger levels of dissolved calcium 
can account for the lower affinity of PP to calcium 
phosphate surface at lower pH and also its lower affinity 
to brushite surface compared to that for HAP and CaPP. 
The dissolved calcium concentration in CaPP supernatant 
is similar to that of HAP supernatant. However, the 
affinity of TKPP is higher for HAP than for CaPP (Table 
3). This is explained by comparing the electrostatic 
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repulsion at the two surfaces, where the repulsion hetween 
the negatively charged phosphate species and the surface 
would be higher for CaPP than for HAP, as evidenced by 
the much higher negative charge density of the CaPP 
surface (ZP = -41 mV) compared to that of HAP (ZP = 
-13.5 mV). 

Conclusions 

(1) Electrokinetic studies showed the negative zeta 
potential of HAP and brushite to increase sharply in the 
presence of very low concentrations of PP indicating strong 
affinity of the solute to the surface. 

(2) Adsorption of negatively-charged PP species on 
highly negatively charged surfaces suggested chemisorp- 
tion of Bolute on the surface. PP increased the negative 
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potential of CaPP at pH 6.9 and 10.95, indicating that it 
is a potential-determining species for the surface. 

(3) Formation of CaPP on the HAP surface was 
supported by the results from XPS and electrokinetic 
studies. 

(4) Affinities of PP for HAP are found to be higher than 
that foT brushite. Lower affinity for brushite was attrib- 
uted to the presence of dissolved calcium in the super- 
natant which competes with surface calcium for PP. 

(5) An empirical fit of the zeta potential data shows 
that the negative potentials on HAP, CaPP, and brushite 
increase as a function of the square root of the PP 
concentration. Greater affinity between PP and the 
surface was observed for both HAP and CaPP at the higher 
pH (-11) than at the lower pH (~7>. 
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concentration (less than 500 of total organic car- 
bon (TOC)) was prepared through a series of pro- 
cesses, which included two mixed beds of anion/cation 
exchange resins, an activated carbon cartridge, and a 
reverse osmosis membrane filter. TOC was measured 
using the UV/oxidants oxidation method (Dohrman, 
DC- 180, US) with a TOC analyzer and an autosam- 
pler. 

Nakdong river surface water (NR-SW) was sam- 
pled from the Bansong water treatment plant located 
at Changwon city (Korea), and immediately filtered 
through a 0.45 u,m filter and stored in a refrigerator at 
5 °C. Dissolved organic carbon (DOC) was measured, 
and NOM in NR-SW was separated into three differ- 
ent fractions: hydrophobic NOM, transphilic NOM, 
and hydrophilic NOM using the XAD-8 and XAD-4 
isolation method [8,9]. Hydrophobic and transphilic 
NOM were mainly comprised of hydrophobic and hy- 
drophilic acids, respectively [10], Each fraction of the 
three NOM components were characterized by mass 
measurements, and the carboxylic and phenolic acidi- 
ties of the hydrophobic and hydrophilic acids were de- 
tennined using a micro-titrator (Metrohm, CH-910). 
Fifty milliliters samples were taken and acidified with 
5N HC1 (pH < 3.0), and sparged with nitrogen gas for 
at least 15 min to remove inorganic carbonate species. 
Incremental volumes of 2.0-25.0 ui of 0.05N NaOH 
were then added by micro-titrator to increase the pH 
to 10.0. The amount of 0.05N NaOH added allowed 
the determination of carboxylic (pH 3-8) and pheno- 
lic acidities (twice the amount between pH 8-10) [11]. 
The charge density of the NOM acids, as determined 
by the titration method, can be employed to demon- 
strate charge interactions between charged NOM acids 
and a negatively-charged membrane. 

2.2. Membrane materials 

Two different polymeric and four different ceramic 
membranes were used for PSD determinations. The 
nominal MWCOs used for each membrane were as 
stated by the manufacturers. We also determined the 
nominal MWCO of the membranes using PEG rejec- 
tion tests and the resulting fractional rejections; the 
nominal MWCO of the membrane may be defined as 
the relative molecular mass of the component that is 
rejected by 90%. The fractional rejection of the PEG 
solute by the membrane was calculated using the fol- 



lowing equation [12]: 

„ W M ,(feed) - W M .(perm)(l - gpye rall) , . , 
"Mi = — — „ (1) 

W Mi (feed) 

where Rm { is the fractional rejection of a certain RMM 
"f \ Wm { is the mass fraction of that RMM in the spe- 
cific stream and ^overall is the overall amount of solute 
rejected by the membrane, based on DOC measure- 
ments. 

The membrane surface charge was measured using 
zeta potential measurement and ionizable functional 
groups analysis. Zeta potential measurements of poly- 
mer membranes were performed by an electrophoretic 
method using a commercial instrument (ELS-8000, 
Otsuka Electronics, Japan) with a latex solution. The 
zeta potential was correlated with electrical mobility as 
measured by laser light scattering. Titania (T1O2), the 
material that the ceramic membranes were composed 
of. has a point of zero c harge foHn^) of 6.25 [131. We 
also measured the zeta potential values at various pH 
levels (4-8) to determine the iso-electric point (i.e.p.) 
of the ceramic membrane, with ground fine particles 
from a tubular type of ceramic membrane. 

The charge density of the membrane surface can 
also be measured using a potentiometric titration, 
similar to the method used for NOM acidity measure- 
ment, as described. The active layer of the polymeric 
membrane sample (surface area = 58.9 cm 2 ) was cut 
into many small pieces, which were then placed in a 
titration vessel and potentiometrically titrated versus 
0.05N NaOH to determine the presence of ionizable 
functional groups, quantitatively. The ceramic mem- 
brane was ground into fine particles, and the fine 
particles were put into a titration vessel for the poten- 
tiometric titration. Membrane charge density was cal- 
culated from the amount of 0.05N NaOH added, the 
units of functionality at a certain pH are expressed as 
milli-equivalents per gram dried membrane. The char- 
acteristics of membranes tested are shown in Table 1 . 

2.5. Membrane filtration apparatus and operation 

The membrane filtration unit accommodated active 
filtration areas of 60.0 and 95.2 cm 2 for polymeric 
and ceramic membranes, respectively, and consisted 
of a membrane holder, pump with gear type pump 
head, needle valves (for the feed, retentate, and per- 
meate streams), and pressure and flow-rate gauges. A 
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Zeta Potential and Surface Charge Components at Anatase/Electrolyte Interface 

Zeta potential vs pH for the Ti0 2 (anatase)/eIectrolyte system was measured for NaCl, CsCl, and Nal 
solutions of concentrations ranging from 0.0001 to 0.01 M. Surface ionization constants of anatase as 
weU as [SO*] and [SOHj] concentrations vs pH were determined from electrokinetic data. Surface charge 
components were determined taking into account adsorption of background electrolyte ions and elec- 
trokinetic data for the System Studied. © 1986 Academic Press, Inc. 



INTRODUCTION 

To verify the ionization-complexation model of the 
electrical double layer at an oxide/electrolyte interface ( I- 
4) a complete set of experimental data on adsorption of 
swamping electrolyte ions, potentiometric titration and 
electrokinetics is indispensable. The analysis for symmet- 
rical 1:1 electrolytes is the simplest case, but because of 
their so-called "indifferency" there are not enough exper- 
imental adsorption data available in literature for these 
electrolytes. In the previous paper (5) potentiometric ti- 
tration data and adsorption of background electrolyte ions 
results were presented for the TiO^ (anatase)/electrolyte 
interface. The aim of this paper is to complete the above 
results with electrokinetic data for the same sample. 

EXPERIMENTAL 

The same sample of Ti0 2 as described previously (5) 
has been used in the experiments. The electrophoretic 
mobility was determined using a Zeta-meter cylindrical 
electrophoresis cell. The electrokinetic potential was cal- 
culated from electrophoretic mobility data. The measure- 
ments were performed in NaCI, CsO, and NaT solutions 
of concentrations ranging from 0.0001 to 0.01 M. 

RESULTS AND DISCUSSION 

Zeta potentials of TK>2 as a function of pH and elec- 
trolyte concentration for Nal are depicted in Fig. 1 . These 
data are representative of other electrolytes; the results 
differ only imperceptibly. The isoelectric point appears at 
pH 6 for all the electrolytes and pzc *= iep (5). 

Using the previously described double straight-line ex- 
trapolation method (6) the surface ionization constants 
defined in Eqs. [1] and [2] have been determined 

p*Sf - pH - Iog[SOH] + log[SOHj] + 



23kT 



ptf£ l = pH + log[SOH] - logfSO-] + 
^ 23kT 



afro 
2.3!cT 



[2] 



This method is a modified version of that by James and 
Parks (4) since vQa Xm vs pH + Vc are plotted instead of 
pQmsa vs ctfc + VC Besides, electrokinetic instead of surface 
charge data are used to determine the [SO~] and 
[SOHf] components. Example data of the graphical de- 
termination ofpK^i are presented in Fig. 2. The constants 
determined in this way are pK% = 3 , ptfj? = 9, and ApJ^ 
= 6 and are in good agreement with those obtained pre- 
viously using the double extrapolation technique and po- 
tentiometric titration data (5). 

Once pK^ja have been assessed from Eqs. [1] and [2] 
the surface potential vs pH relationships can be roughly 
estimated (6). The surface potential change per one pH 
unit far enough from the pzc (iep) is almost constant (about 
56, 56, and 55 mV for 0.0001, 0.001, and 0.01 AT solutions, 
respectively) and independent of electrolyte concentration. 
More accurate estimation of ^r-pH relationships in the 
vicinity of the isoelectric point is possible using the par- 
abolic interpolation method (7). 

In Our previous paper (6) different "constants" were 
obtained for different ionic strengths. Because of this the 
double extrapolation was used to eliminate the electrolyte 
effect In reality p/C™^ constants are independent of elec- 
trolyte concentration and can be determined by two in- 
dependent methods (4-6). The results obtained for the 
same sample are almost identical. Now, if pK% M are 
known it seems justifiable to assume that all the curves 
P&I.02 vs pH have to meet at the same point ptfSf^. It 
means that these curves must bend in the vicinity of the 
pzc and therefore the dtpo/dpH characteristics are not 
straight lines. Surface potential vs pH characteristics ob- 
tained for anatase/Nal system by use of the parabolic in- 
terpolation method are depicted in Fig. 3. The detailed 
discussion on this subject is presented elsewhere (7). 

In the ionization-complexation model of the electrical 
double layer the surface charge is defined as 
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Fig. 1. Zeta potential of T1Q2 as a function of pH and 
Nal concentration. 



<r 0 = *{[SOH£] + tSOHjAT~l - [SO"] - [SO~r + l}, [3] 
where 

and 



o> = B{[so-r + ] - [soHjjrj} 

«r« - B{[SO-} - [SOHJ]}. 



[4] 
[5] 



It is relatively easy to determine <r p charge components 
from direct adsorption measurements of supporting elec- 
trolyte ions (5, 8). The same method, however, cannot be 
applied to estimate diffuse charge components because 
neither [SO~] nor [SOHJ] can be determined by direct 
measurements. In this case an indirect method can be used. 

Having estimated ^o-pH relationships and adsorption 
densities of cation and anion and knowing acidic and basic 
surface ionization constants it is possible to calculate the 
amounts of [SCT] and [SOHJ] groups vs pH, in the whole 
pH range studied, taking into account Eqs. [1] and [2]. 
The concentrations ofSOH groups is given by the expres- 
sion (5) 



[SOH] sy,- [so-y + ] 



16} 




CL2 



03 



FIG. 2. Graphical determination of from electro- 
kinetic data for TiC^/Nal system. 



As tSO~] £ aJB for pH > pH^ and [SOrtfJ SS -<rJB 
for pH < pH^ (6), the lacking parts of [SO"] vs pH and 
ISOHJ ] vs pH should be determined for pH < pH^ and 
pH > pH^, respectively. 

Using the &r-pH characteristics for TiO^ (see example 
data in Fig. 3) and adsorption data for the same sample 
(5), the amounts of [SO~l and [SOHJ] groups vs pH of 
the solution have been calculated from Eqs. [1], [2], and 
[6J . For 0.0001 M solution, because adsorption densities 




Fig. 3. Surface potential of anatase in Nal solutions vs 
pH for different electrolyte concentrations determined by 
use of curvilinear interpolation method (7). 
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and diffuse layer charges are very small in comparison 
with iV,, it is possible to assume simply that [SOH] ^ N s 
in the whole pH range studied N t = 192 pC • cm" 2 (ex- 
pressed in charge units) has been assumed (2). The results 
obtained are presented in Fig, 4. The diffuse layer charges, 
<r d , are also plotted for comparison. 

As is clearly seen from Fig. 4, the diffuse charge curves 
almost coincide with [SO"] and [SOHJ] curves for pH 
> pHpa, and pH < pH^c, respectively, for 0.001 and 0.01 
M solutions. The pH range where divergence between 
curves is observed, and the assumptions <r d = B[SO~] or 
<r d s -£[SOHJ] are invalid (because the contributions of 
both groups are comparable) is about ±0.5 and ±1.0 pH 
units for 0.01 and 0.001 M solutions, respectively. For 
0.000 1 M solution this pH range is greater than ±2.0 units. 

It is comprehensible because the derivative dcJdpH 
increases as electrolyte concentration increases. Thus the 
pH range of the invalidity of the above assumptions ex- 
pands as electrolyte concentration decreases. 

These observations clearly show that the the hitherto 
existing assumptions that the contribution of [SO~J and 
[SOHJ J groups for pH < pH^ and pH > pHp^, respec- 
tively, can be neglected (9, 10) is not throughout correct 
and depends on the electrolyte concentration. 

All the curves in Fig. 4 show tendency to reach a "pla- 
teau" for extreme values of pH. This seems to be plausible 
and results from the below Equations. Equations [1] and 
[2] can be rewritten in the differential form as 



d\og 



1 +- 



ISOHfl 
[SOH] 



and 



23kTdpH 



-0 



1 + 



[SOH] 

dlog -fso=] 

dpK 



2.3*r*frH 



17] 



[8] 




FIG. 4. Diffuse charge components for TiOj/Nal system 
determined from electrokinetic data (solid lines). Net dif- 
fuse layer charges are presented for comparison (open 
symbols). 
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Fig. 5. Surface charge components for TiOj/Nal system. 
Example data for 0.01 M solution. 



It results from the data by Wiese et al. (1 1) that when ApH 
= pH - pHpa. increases and electrolyte concentration de- 
creases (fyo/dpH approaches -59.2 m V (see also Hg. 3 in 
this paper). Then the third terms in Eqs. [73 and [8] tend 
to —1 and the second terms in these equations approach 
zero. In other words faraway from thepzc [SOHJ]/[SOH] 
and [SOH]/[SO"] tend to a constant and therefore 
[SOHJ] and [SOI can reach a "plateau." The same phe- 
nomenon is observed experimentally for ooride/l:l elec- 
trolyte systems where the J* and/or <r d vs pH curves tend 
to flatten off at extreme pffs (2, 8, 11, 12). ... . 

Taking into account the adsorption of swamping elec- 
trolyte ions (5) and the results described in this paper, the 
surface charge components have been determined for T1O2 ♦ 
The example data for 0.01 M Nal solution are presented 
in Fig. 5. As is seen complexation reactions play a pre- 
dominant part in surface charge creation. This was also 
observed by Regazzoni et al. for Zr0 2 and magnetite ( 12). 

In the previous paper (5) to verity the ionization-com- 
plexation model of the electrical double layer, for 0.1 M 
electrolyte solutions the needed electrokinetic data for the 
described sample were determined by an extrapolation 
method on the basis of the results presented in this paper, 
because it was impossible to perform direct measurements 
of electrophoretic mobility in 0. 1 Af solutions. The results 
obtained for zeta potential are 10, 13, 17, and 19 mV for 
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pH values 7, 8, 9, and 10, respectively. The estimated po- 
tential drop was about 54 mV per one pH unit. 



APPENDIX: NOMENCLATURE 



B 


conversion factor from mole -dm 3 to 




itC • cm" 2 of charge 






e 


electron charge 


k 


Boltzman constant 




effective surface ionization constants 


AT. 


total number of surface sites available 




apparent ionization quotients 


T 


temperature 


x~, r + 


anion and cation, respectively 


a* 


fraction of charged sites, <ro/N s 




mean potential in the plane of surface charge, 




tr 0 , and at the start of the diffuse layer, re- 




spectively 


<r 0 , fffij <r d 


net charge densities at the surface, in the plane 




of specifically adsorbed counterions, and 




diffuse layer, respectively 




electrokinetic potential 


iep 


isoelectric point, a* ~ 0 


pzc 


point of zero surface charge, oo = 0 
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